is to identify genes and mutations responsible for the differences between the cave and surface forms. To 23 advance this goal, we decided to use a transcriptomic approach. Because many of these changes first appear 24 during embryonic development, we sequenced embryonic transcriptomes of cave, surface, and hybrid 25 individuals at the stage when eyes and pigment become evident in the surface form. We generated a cave, a 26 surface, a hybrid, and an integrated transcriptome to identify differentially expressed genes in the cave and 27 surface forms. Additionally, we identified genes with allele-specific expression in hybrid individuals. These 28 embryonic transcriptomes are an important resource to assist in our ultimate goal of determining the genetic 29 underpinnings of the divergence between the cave and surface forms. regressive evolution, de novo transcriptome, differential expression, troglomorphy, cave 31 32 33
Cave animals are fascinating organisms that frequently share a common suite of 35 characteristics, including reduced eyes, reduced pigmentation, metabolic differences, and 36 enhanced sensory systems. Questions that have long fascinated cave biologists include how 37 and why these characteristics have evolved, and, whether the same underlying mechanisms 38 mediate trait loss between different cave populations and different cave species. 39 Historically, it has been challenging to understand how and why cave characteristics have 40 evolved, due to difficulties with rearing cave organisms in captivity, and a lack of 41 contemporary experimental resources (e.g., genomic, genetic, and functional molecular 42 tools) for most cave species. In recent years, however, there have been vast expansions of, 43 and improvements in, resources and tools for emerging model organisms. Obtaining genomic 44
information is now possible for most systems, and the complete genomic sequence is 45 To address this gap in knowledge, we generated de novo embryonic transcriptomes from 100 one cave and one surface population, as well as from hybrid individuals. We hypothesized 101 that many genes would be differentially expressed between cave and surface forms, 102
including those involved in neurogenesis, pigment development, eye development, and 103
metabolism. Furthermore, we expected that a subset of these differentially expressed genes 104 would also show allele-specific expression, suggesting that regulatory mutations result in 105 altered transcriptional abundance for those genes. the Planina cave population (cave) ( Figure 1A ). Animals were reared in water, lighting, and 110 food conditions as previously described [26] [27] [28] . Surface animals were raised in tanks with 111 around 10 individuals per tank. Similarly, cave animals were raised in tanks with around 10 112 individuals per tank. Hybrid crosses were generated by mating a single cave male to a single 113 surface female. When a female with embryos was observed in any of the above tanks, the 114 females were monitored until the embryos were around 70% of the way through 115 development. They were then removed from the female using a clove oil solution of 20µl in 116 50 ml of fresh water as previously described [28] . Embryos were kept in a small dish with 117 commercial spring water (Crystal Geyser) until they reached 90% of embryonic 118 development, when both pigmentation and incipient ommatidia were present in the surface, 119
but not cave, embryos ( Figure 1B cluster size: 100,000) which resulted in numerous incompletely assembled contigs. To 140 increase the average transcript lengths of our assemblies, we tested a variety of parameters. 141
We found the optimal results when we adjusted the mer size (19), and increased the 142 minimum match percentage (to 97%), and maximum cluster size (to 300,000). This approach 143 provided the longest mean transcript lengths (surface = 1061bp, cave = 1069bp, hybrids = 144 952bp), as well as the most assembled transcripts > 1kb in length (surface = 49,233; cave = 145 51,822; hybrids = 52,390; Table 1 ). We reasoned that the longest transcripts represented the 146 best individual transcript assemblies, and therefore proceeded to annotate those assembled 147 transcripts that were 1000bp or longer. 148
All annotations were carried out using Blast2GO (v.5.2.5) running Java v.1.8.0_144. To 149 capture the most comprehensive information, we performed two rounds of 150
BLAST-associated annotations for each of three transcriptomes -one using the Tribolium 151 castaneum genome as a reference, and one using the SwissProt database ( Table 2 ). In brief, 152
we submitted a fasta-formatted file containing all de novo-assembled sequences to 153
Blast2GO, specified our database of interest, and proceeded through all default annotation 154 steps. We implemented a script to remove all annotated transcripts associated with ribosomal 155 or mitochondrial sequences, which ranged between 734 -1066 sequences with an identified 156 blast hit. For all three transcriptomes (surface, cave, and hybrids), we obtained comparable 157 results for both databases, however the Tribolium castaneum reference provided the largest 158 number of successful annotations. 159 160
RNA-sequencing and expression analyses 161
Once annotation was completed, we performed RNA-sequencing analyses using 162
ArrayStar (v.13; DNAStar, Madison). For each assembly, we performed duplicate RNA-seq 163 analyses for all transcriptome references (i.e., Tribolium castaneum and SwissProt), and 164 retrieved very similar results. Accordingly, developmental sequencing reads were aligned 165 from all three morphotypes (cave, surface and hybrids), and normalized using RPKM to 166 control for variation in sequencing depth and transcript length. The resulting dataset included 167 a measure of linear total RPKM, which provided a single metric of expression that could be 168 compared across datasets. We subsequently used this metric to calculate fold change 169 differences between groups (e.g., cave versus surface). 170
We tested the robustness of our assemblies by using several reference files, which 171 allowed us to compare between assemblies to evaluate the consistency of calculated 172 expression. This annotation process periodically yielded >1 blast hit to a single, orthologous 173 o f 2 5 reference transcript. Therefore, we averaged the RPKM values for all assembly contigs with 174 a blast identity to the same reference transcript in order to estimate the most accurate 175 expression level for a given dataset. This calculation enabled us to correct for multiple blast 176 hits to the same reference, however it may have inadvertently collapsed the expression for 177 different isoforms (or paralogues) into a single transcript. We acknowledge this potential 178 confounding issue, however we note that different isoforms are catalogued in both the 179
Tribolium reference and SwissProt. In cases where multiple transcripts for a 180 single Tribolium gene were present in our dataset, we excluded these results from our 181 analysis, as it was not possible to determine whether these represented genuinely 182
distinct Asellus aquaticus transcripts, rather than sequences representing paralogues or 183 alleles harboring significant changes. Therefore, this project could not assess the possibility 184
of Asellus aquaticus-specific isoforms or paralogous genes, a caveat that will need to be 185 addressed in future genome sequencing projects. Finally, given the inaccessibility of fresh 186 tissues (with which to extract RNA for quantitative PCR validation), we implemented a 187 variety of strict filters to maximize the likelihood that our reported differentially-expressed 188 genes were valid. 189 190
Allele-specific expression using ASE-TIGAR 191
To assess allele-specific expression of differentially expressed genes, pairs of transcripts 192
were identified across cave and surface transcriptomes if they had the same Tribolium 193
castaneum Uniprot ID. For a given pair of alleles, transcripts were manually trimmed to be 194 similar in length, based on sequence identity ( Figure 2B ; Supplementary File 1). We then 195 used the ASE-TIGAR software [31] to generate transcript abundances for each allele. The 196 software was supplied a single FASTA file containing both trimmed alleles from the cave 197 and surface transcriptomes, as well as paired-end reads from the MPD4, MPD7, and MPD9 198 hybrid embryo transcriptomes. The output of this software was a file containing the expected 199 number of fragments mapped by ASE-TIGAR, an FPKM value, and a THETA value, which 200 was the estimated transcript abundance. We used this THETA value as our metric of 201 expression for each allele. Given that the list of genes we selected for allele-specific 202 expression analysis could be biased towards genes that might show allele-specific 203 expression, we determined that it was important to have a statistically rigorous approach to 204 identifying genes with true allele-specific expression differences. Tribolium castaneum database provided better results (Table 2) , and therefore our 276 downstream analyses utilized these annotated transcriptomes. 277 278
3
.2 Differential RNA-seq analysis between cave and surface morphs 279
We mapped the cave and surface reads separately to each of the four different 280 transcriptomes: cave, surface, hybrid, and integrated transcriptomes. We selected all genes 281 that had at least a two-fold change in the same direction (increased or decreased expression) 282
between cave and surface in all four experiments and had a standard deviation of less than or 283 equal to 8. Then we selected the top 50 genes that were underexpressed in the cave form and 284
the top 50 genes that were overexpressed in the cave form to analyze further ( Figure 1E ; 285
Supplementary File 2). 286
Several of the genes that were underexpressed in the cave made biological sense, as they 287 are involved in eye or pigment function such as 
Allele-specific expression analysis reveals pervasive cis-regulatory mechanisms for gene 311 expression differences between cave and surface populations 312
Genes that display differential expression between populations may arrive at this 313 difference through both cis-and trans-regulatory mechanisms. In cis-regulatory changes to 314 gene expression, a change to the DNA sequence either within a gene or in regulatory 315 elements thereof is responsible for an observed expression difference between populations 316 (Figure 2A) . When trans-regulatory factors change gene expression, the regulatory sequence 317 of a gene may not change, but instead, a change to the expression of a trans-regulatory factor 318 (an activator, repressor, etc.) between populations drives the difference in expression of a 319 downstream gene. By examining the expression of alleles of a given gene in hybrid 320 organisms, one can determine mechanisms of gene expression difference, whether they be 321 cis-regulatory, trans-regulatory, or a combination of both. In hybrid animals, 322
trans-regulatory effects are normalized across alleles, as both alleles existing in the same 323 nucleus are subjected to the same input by activators and repressors. As such, when 324 expression differences in alleles are observed in hybrids, one possible explanation is that 325
cis-regulatory changes contribute to differential expression between populations ( Figure  326 2A). Allele-specific differences can also come about due to parent-of-origin effects, though 327 our experimental design should prioritize genes with cis-regulatory changes rather than 328 parent-of-origin effects (see Discussion). 329 We wanted to examine the mechanism of differential gene expression for the genes 330
we identified as differentially expressed between cave and surface populations. To do this, 331
we performed allele-specific expression (ASE) analysis using the ASE-TIGAR software 332 package [31]. This software, given a FASTA file containing both isoforms of a gene and 333 FASTQ reads from hybrid animals, generates transcript abundance estimates for each allele 334 ( Figure 2B ). We identified pairs of alleles for the most differentially expressed genes and 335 generated a log fold change value for the usage of surface vs. cave alleles in hybrid animals 336 ( Figure 2 ). We then used a two-sample Kolmogorov-Smirnov test with a 337
Benjamini-Hochberg multiple hypothesis testing correction to call significance of observed 338 ASE, using intra-allele log fold change as our null distribution (see Methods; Figure 2C , D). 339
Overall, genes with significant ASE tended to have larger log2 fold change between the two 340 alleles (Figure 2E; Supplementary File 2 individuals of different populations also appeared to show ASE between alleles in hybrid 369 animals (Figure 2E , Figure 3A and B; Supplementary File 2) . For example, the 370 long-wavelength sensitive opsin gene was found to be about 4-fold (mean log2 fold change 371 across transcriptomes) underexpressed in cave than surface animals (mean = 4.15 (log2 372 scale), SEM = 0.33), and was the most surface-biased gene by DE analysis. In hybrid animals 373
containing one surface and one cave allele, we observed that the same gene showed a 10-fold 374 (mean log2 fold change) difference between alleles (mean = 10.497, SEM = 2.79). This 375 suggests that cis-regulatory changes contribute to differences in long-wavelength sensitive 376
opsin expression between populations. 377
By examining all genes with significant ASE, we observed that most of the genes had 378 some cis-regulatory component to their change in expression between populations. We 379 inferred this result because genes that showed DE in favor of surface animals, on the whole, 380
tended to also show ASE in favor of the surface allele (21 out of 23 genes, Figure 3A and 381 3B). Meanwhile, genes that showed DE in favor of cave animals also tended to have ASE in 382 favor of the cave allele (17 out of 20 genes, Figure 3A and 3B). For five genes ( Figure 3B,  383 marked with asterisks), we observed significant ASE that showed a strong bias in the 384
opposite direction from what we expected from the DE analysis. For example, DNA-directed 385
RNA polymerase III subunit RPC8-like Protein and Maltase A1-like Protein were found to be 386 more highly expressed in surface animals, but by ASE the cave allele appeared to be more 387 expressed. Such results can be explained through models of competing cis-by-trans effects. 388 A GO enrichment analysis was performed of the genes that showed significant 389 allele-specific expression. Enrichment was seen in the GO molecular function complete 390 category of catalytic activity (FDR 3.69x10 -2 ) and the GO biological process category of 391 metabolic process (FDR 2.23E-2 Less is known about metabolic and behavioral differences between the cave and surface 409
populations, but a recent study showed that acetylcholinesterase and glutathionine S 410 transferase had lower activity in cave individuals as compared to the surface individuals, 411
supporting the idea that the cave form has lower metabolic and locomotor activity [36] . In 412 addition, shelter-seeking behavior has been shown to be different between some cave and 413 surface populations [37] . Overall, we expected to find differential expression and 414 allele-specific expression in genes involved in eye development, pigmentation, appendage 415 development, and metabolism. As expected, some of the differentially expressed genes that 416 we found to be differentially expressed have been shown to play a role in phototransduction, 417
photoreceptor development, and/ or eye development such as atonal, long-wavelength 418 sensitive opsin, cell cycle control protein 50A-like, membrane-bound transcription factor site 419 1 protease like protein, Protein EFR3 homolog cmp44E-like protein, pygopus-like protein, 420
and domeless. Furthermore, a subset of the above, (long-wavelength sensitive opsin, cell 421 cycle control protein 50A-like, membrane-bound transciption factor site 1 protease like 422 protein, and EFR3 homolog cmp44E-like protein) also showed allele-specific expression 423
indicating that cis-regulatory changes may be responsible for the differential expression of 424 those genes. Fewer genes with known involvement in pigmentation were observed. Scarlet, a 425 gene involved in pigment transport [38] , was overexpressed in the surface form; however, 426 scarlet was not shown to have allele-specific expression and therefore is unlikely to have a 427 cis-regulatory change. Annulin-like protein was another gene of interest which was 428 overexpressed in the cave form as compared to the surface form and had higher cave allele 429 expression in the hybrids. Interestingly, this gene is expressed in grasshoppers in stripes 430 along the forming limb segments and could be a candidate for appendage length changes in 431
A. aquaticus [39] . Another gene of interest which had showed higher ASE for the cave allele 432
was Myotubularin related protein 9 like protein (MTMR9). Polymorphisms in this gene 433
have been shown to be associated with obesity and glucose tolerance in GWAS studies in 434 humans [40, 41] . It is unknown whether Asellus aquaticus has any adaptive behaviors or 435 features regarding food acquisition in the cave environment but, studies in the cavefish 436
Astyanax mexicanus have shown that some cave populations are insulin resistant and able to 437 binge eat [42, 43] . 438
Another interesting gene that showed both expression differences between populations 439 and allele-specific differences is gamma-glutamyl transferase 7-like protein (GGT7). 440
Elevated GGT is commonly seen in individuals with non-alcoholic fatty liver disease [44] . 441
Interestingly, one of the cave populations of the cavefish Astyanax mexicanus develops fatty 442 livers when exposed to high nutrient conditions [42] . Little is known about fat storage in 443
Asellus aquaticus, but future studies can examine whether cave and surface forms of Asellus 444 aquaticus differ in fat storage, insulin resistance, and starvation resistance similar to cave and 445 surface populations of Astyanax mexicanus. 446
Involvement of regulatory mutation versus coding mutation in evolution of cave traits 448
When working with species with limited genomic and genetic resources, most studies 449 that discover the causative genes for particular phenotypes involve coding mutations. This 450 may be due to ascertainment bias, as coding mutations are much easier to identify than 451 cis-regulatory mutations, which could be in much larger (and uncharacterized) regions of the 452 genome. Furthermore, cis-regulatory changes can be more difficult to test functionally than 453 coding mutations. Because of these challenges, most of the mutations and genes identified as 454 causative for cave-related traits in the model system of Astyanax mexicanus have been 455 coding mutations [42,45-50] though there are some exceptions [51] . Allele-specific 456 expression studies in hybrids are a powerful way of identifying cis-regulatory differences. 457
Here, we have identified many genes with allele-specific expression, some of which likely 458
have cis-regulatory changes, as inferred through a positive correlation between 459 allele-specific expression and differential expression. Parent-of-origin effects versus cis-regulation 508
Allele-specific expression in hybrid organisms can result from cis-regulatory change 509 or because of parent-of-origin effects, in which the maternal and paternal copies of the gene 510 are expressed differently, as has been observed in different organisms, including mammals, 511
insects, and plants [56] . If our study had examined allele-specific expression genome-wide in 512 an unbiased fashion, it is likely that some of the genes showing allele-specific expression 513
would be due to parent-of-origin effects. However, our study has examined allele-specific 514 expression only in those genes that showed differential expression in cave versus surface 515 samples. We would not necessarily expect genes that have parent-of-origin effects to also 516
show differential expression in cave versus surface samples. Therefore, though we cannot 517 exclude parent-of-origin effects in genes that are differentially expressed in cave versus 518 surface individuals, it is likely that many of the genes in which we see allele-specific 519 expression have cis-regulatory changes, rather than parent-of-origin effects. Future studies 520
can eliminate potential parent-of-origin effects by generating hybrid samples from both cave 521 female x surface male and surface female x cave male matings. As the former crosses are 522 considerably more difficult to generate, our study was restricted to samples from the latter 523 type of cross. Here, we examined comparative expression and allele-specific expression in whole bodies of 575 groups of individuals at a particular developmental timepoint. In the future, we aim to expand 576 our analysis to additional timepoints and potentially specific tissues, as these two factors are 577 known to influence both comparative and allele-specific expression [54] . Additionally, now 578 that methods are established to investigate differential expression and allele-specific 579 expression in embryonic samples of cave versus surface morphs of Asellus aquaticus, one 580 next step is to expand the analysis to other cave populations. One of the advantages of 581 working with this species is the number of populations that are thought to be independently 582 evolved [25, 66] . By examining gene expression and allele expression differences in these 583 different cave populations, it should be possible to better understand how these cave specific 584 traits have evolved, and determine if they have evolved similarly or differently in the 585 independently evolved populations. Furthermore, now that a number of candidates with 586 putative cis-regulatory changes have been identified, we can investigate them by placing 587 them to the linkage map to determine if they coincide with mapped regions responsible for 588 eye and pigment variation. Also, future work developing functional methods in Asellus 589 aquaticus, such as genome editing and gene expression visualization, will enable testing of 590 these genes to validate whether they are causative for associated cave related traits. 591 592 593 
